The fluorescence dynamics of rhodamine B (RhB) immobilized on the pore surface of aminopropyl (AP)-modified mesoporous silica (diameter of the silica framework, 3.1 nm) was examined at temperatures between 293 and 193 K to study the microviscosity of supercooled water confined inside the pores. The mesoporous silica specimen with a dense AP layer (2.1 molecules nm -2 ) was prepared, and RhB isothiocyanate was covalently bound to part of the surface AP groups. The fluorescence lifetime of the surface RhB increased with decreasing temperature from 293 to 223 K, indicating that freezing of the confined water did not occur in this temperature range. The microviscosity of the supercooled confined water was evaluated from an analysis of the lifetime data based on a frequency-dependent friction model.
Introduction
Supercooled water confined inside stable inorganic nanopores has been an interesting topic in nanoporous materials. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] In the past decade, surfactant-templated mesoporous silica materials have been widely used to study supercooled confined water inside silica mesopores due to their narrow pore distribution and ordered pore structure. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] The supercooled confined water has been characterized by X-ray and neutron spectroscopies, FTIR spectroscopy, NMR spectroscopy, colorimetric methods, and molecular dynamics simulations. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] It has been reported that water confined inside silica mesopores can be deeply supercooled far below the homogeneous nucleation temperature, and its melting and freezing points become lower with decreasing pore size. [4] [5] [6] The structure, 1-3 density, 7 and dynamics [8] [9] [10] [11] [12] [13] [14] of the supercooled water significantly depend on the temperature. These specific properties have been reported for pure water confined inside silica mesopores without any modification. On the other hand, several attempts have been reported on supercooling phenomena of more complex systems, such as an aqueous glucose solution within mesoporous silica 17 and pure water within hydrophobic mesoporous silica modified with alkylsilanes. 18, 19 Surface modifications with organic and inorganic molecules have been carried out to synthesize functional mesoporous materials in such fields as catalysis, separation, sensing, and photoenergy conversion. 20 Accordingly, characterizing supercooled water confined in such functional mesoporous materials presents interesting research questions. Aminopropyltriethoxysilane (APTES) is a familiar organofunctional alkoxysilane to develop functional inorganic mesoporous materials. For example, mesoporous silica modified with APTES has been used for sorbents 21, 22 or solid catalysts. 23 The surface aminopropyl (AP) groups can be used for the covalent conjugation of various chemical and biological functional groups. [24] [25] [26] [27] Therefore, mesoporous silica modified with APTES is an important target for studies on supercooled confined water.
The aim of the present study is to examine the microviscosity of supercooled water confined inside silica mesopores modified with APTES by time-resolved fluorescence spectroscopy. For that purpose, mesoporous silica with a dense aminopropyl (AP) layer (2.1 molecules nm -2 ) was prepared by post grafting of APTES to the pore surface of surfactant-templated mesoporous silica (diameter of the silica framework, 3.1 nm), and rhodamine B (RhB) isothiocyanate was covalently bound to part of the surface AP groups. Time-resolved fluorescence properties of fluorescent dyes have been used to study the microscopic viscosity of solvents; 28, 29 the estimation of microviscosity can be done by measuring fluorescence lifetime 28 or rotational diffusion time of a fluorescent dye. 29 Although the measurement of rotational diffusion time is limited to an optically transparent system without scattering of polarized light, the fluorescence lifetime measurement is applicable to a light-scattering medium. The mesoporous silica specimen used in this study was comprised of mesoporous silica within a porous anodic alumina (PAA) membrane, 30, 31 where columnar alumina pores (pore diameter, 200 nm) scatter light (Fig. 1) . Accordingly, the fluorescence lifetimes of RhB were measured in order to discuss the microviscosity inside the AP-modified silica mesopores.
RhB is a well-known fluorescent dye with extensively studied photophysics. 32 The radiative rate of RhB is nearly independent of the temperature. 32 On the other hand, the non-radiative process involving rotation of diethylamino groups is sensitive to the solvent viscosity. 32, 33 Although the fluorescence dynamics of RhB depends on not only the viscosity but also other solvent properties such as polarity and hydrogen-bonding nature, the solvent viscosity can be approximately evaluated from an analysis of the fluorescence lifetime of RhB. 32, 33 RhB isothiocyanate easily binds to the surface AP layer, and it can be used as a viscosity probe inside the pores. Accordingly, RhB was chosen to probe the microviscosity of supercooled water confined inside AP-modified silica mesopores.
In the present study, the fluorescence lifetimes of the RhB were measured at a series of temperatures between 293 and 193 K to discuss the microviscosity of supercooled water confined inside AP-modified silica mesopores. The mesoporous silica specimen used in this study had a quasi-hexagonal pore arrangement and the pore diameter was 3.1 nm, 30, 31, 34 and RhB molecules were covalently bound to part of the AsP groups on the inner pore surface (Fig. 1) .
Fluorescence lifetime measurements were done for bulk solution systems (water, ethanol, and butanol) and for confined systems (water, ethanol, and butanol confined in the AP-modified silica mesopores). The microviscosity of supercooled water confined inside the AP-modified silica mesopores was analyzed on the basis of a frequency-dependent friction model.
Experimental

Reagents and chemicals
Cetyltrimethylammonium bromide (CTAB) was purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). 3-Aminopropyltriethoxysilane (APTES) was purchased from AZmax Co., Ltd. (Chiba, Japan). Rhodamine B (RhB) isothiocyanate was purchased from Sigma-Aldrich Japan (Tokyo, Japan). Other chemicals and solvents were purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan). All chemicals were used as-received. Milli-Q water was used for all experiments.
Preparation and characterization of mesoporous silica specimens
Mesoporous silica was formed within columnar pores of a porous anodic alumina (PAA) membrane by introducing a precursor solution into the PAA pores under moderate aspiration according to a previously reported method. 30, 31 The precursor solution contained CTAB as a template surfactant and tetraethoxysilane (TEOS) as a silica source. The as-prepared membrane was calcined at 600 C for 4 h to remove the template surfactant. The resultant membrane was designated as a hybrid mesoporous membrane (HMM). To immobilize an aminopropyl (AP) group onto the pore surface of mesoporous silica, HMM was immersed in a mixture of hexane (30 mL) and APTES (30 μL), and heated under reflux at 70 C for 6 h. Then, the membrane was rinsed with hexane and acetone three times each. The AP-modified HMM was designated as AP-HMM.
To covalently immobilize RhB onto the AP-modified pore surface, AP-HMM was immersed for 3 h at room temperature in an ethanol solution (30 g) containing 5 mg of RhB isothiocyanate, and RhB isothiocyanate was labeled onto the amino group of APTES. Then, the immersed membrane was rinsed with ethanol and acetone three times each. The RhB-immobilized AP-HMM was designated as RhB-HMM.
Nitrogen adsorption and desorption isotherm, XRD, 29 Si CP/MAS NMR, and elemental analysis measurements were performed to characterize HMM, AP-HMM, and RhB-HMM. The pore diameter and BET surface area of HMM and AP-HMM are summarized in Table 1 , together with the surface densities of the AP groups and the RhB groups immobilized on the pore surface of mesoporous silica. The pore size distributions for the mesoporous silica phases in HMM and AP-HMM are narrow (Fig. S1 , Supporting Information). XRD patterns suggest a quasi-hexagonal pore arrangement for the mesoporous silica phase (Fig. S1 ). The 29 Si CP/MAS NMR spectrum of AP-HMM confirmed that the AP groups were chemically immobilized on the pore surface of the mesoporous silica (Fig. S2 , Supporting Information). Fourteen percent of the surface AP groups were estimated to react with RhB isothiocyanate molecules ( Table 1) . The details in the characterization of the sample membrane are described in Supporting Information.
Fluorescence measurements
For fluorescence measurements on confined water systems, the RhB-HMM was immersed in Milli-Q water to fill the pores with water. After removing excess water from the membrane surface, the RhB-HMM was fixed on a Teflon holder in a quartz cell (1 cm × 1 cm) filled with heptane.
By immersing RhB-HMM in heptane, the evaporation of water inside the pores was prevented during the fluorescence measurements. Steady-state fluorescence spectra were measured on a JASCO Model FP-6600 spectrofluorophotometer equipped with a cryostat (Unisoku Co. Ltd., CoolSpek USP-230). To measure the steady-state fluorescence of RhB-HMM with confined ethanol or butanol, RhB-HMM was set in a quartz cell filled with ethanol or butanol.
The measurement system for time-resolved fluorescence spectroscopy was composed of a mode-locked Ti:sapphire laser (Spectra-Physics, Tsunami 3960; ca. 100 fs at 770 nm, 82 MHz) pumped by a CW visible laser (Spectra-Physics, Millennia-Pro), a polychromator (Hamamatsu, C5094), and a streakscope (Hamamatsu, C4334) as described previously. 35 The repetition rate of the Ti:sapphire laser was reduced to 4 MHz using an electrooptic modulator (Spectra-Physics, Model 3980), and the second harmonic of the Ti:sapphire laser generated by an LBO crystal (Spectra-Physics, GWU) was used as an excitation source. RhB-HMM was irradiated with the excitation laser beam in a quartz cell, and fluorescence from the RhB-HMM was focused on the slit of the polychromator. The temperature inside the quartz cell was controlled by using a cryostat (Unisoku USP-230). The instrumental time resolution of the present system was approximately 260 ps at a 20 ns full scale.
Steady-state and time-resolved fluorescence spectra of RhB in bulk water, ethanol, and butanol were measured by using the above-described experimental setups. The concentration of RhB was set as 1 μM to suppress the formation of agrregates.
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Results and Discussion
Time-resolved fluorescence measurements in bulk solutions
Figure 2(a) shows typical fluorescence decay profiles of RhB monomer in bulk water at temperatures from 293 to 273 K. All decay curves can be well fitted by a monoexponential function (n = 1) as follows:
where τn and an are the fluorescence lifetime and the pre-exponential coefficient, respectively. The fluorescence decay profiles of RhB monomer in bulk ethanol and butanol at temperatures from 293 to 193 K also exhibit monoexponential fluorescence decay profiles ( Fig. S4 ; decay parameters, Table S1 , Supporting Information). In all solvent systems, the fluorescence lifetime increases with decreasing temperature, as shown in Fig. 3 . Since the radiative rate of RhB monomer is considered to be insensitive to temperature, 32 the lifetime increase depending on the temperature is due to slowing down of the rotational motion of diethylamino groups of RhB. 32, 33 In a frequency-dependent friction model, the non-radiative rate (knr) of RhB can be described as follows: 37
where C is a constant, Eb, τ, kr, and η are the potential-energy barrier, fluorescence lifetime, radiative rate, and viscosity, respectively. α has been observed in the range 0.23 -0.6 for various organic molecules, 37 and it was reported to be 0.38 for RhB in bulk alcohols. 38 On the basis of the Vogel-TammannFulcher (VTF) relationship, 39,40 the viscosity of the fragile liquid (η) is described as
where η0, D, and T0 are the viscosity at infinitely high temperature, a constant providing a measure of the fragility, and the VFT temperature, respectively. 39, 40 The temperature-dependent viscosity values for water, ethanol, and butanol can be well fitted to Eq. (3) (Fig. S3, Supporting Information) . The fitting parameters ( 0, D, T0) are summarized in Table 2 . Employing Eq. (3), Eq. (2) can be rewritten in the form shown in Eq. (4): 
The temperature dependences of the fluorescence lifetimes for RhB in bulk solutions can be well fitted by Eq. (4) (Fig. 4) . The fitting parameters (C, α, kr, Eb) are summarized in Table 2 . The good agreement of the measured lifetime data with Eq. (4) suggests that the frequency-dependent friction model with the VTF relationship can be used to describe the fluorescence lifetime of RhB depending on temperature and solvent viscosity. Accordingly, Eq. (4) was also used to discuss the microviscosity of supercooled water confined inside the AP-modified silica mesopore.
Steady-state and time-resolved fluorescence measurements for
RhB-HMM Figure 5 shows steady-state fluorescence spectra of RhB-HMM when the pores contained confined water; the measurement temperatures ranged from 293 to 189 K. For any confined solvent, including ethanol and butanol (Fig. S5 , Supporting Information), the fluorescence intensity of RhB-HMM increases with decreasing temperature, while no remarkable changes in the spectral shape and the maximum peak wavelength are recognized (Figs. 5 and S5 ). The spectral shape and the maximum peak wavelength are affected by the dielectric constant and the hydrogen-bonding natures of the medium surrounding RhB. 32 Accordingly, it can be said that the temperature dependency of these environmental properties around the RhB will be small, and that the RhB fluorescence properties are not disturbed by these environmental properties in the examined temperature range.
Typical fluorescence decay profiles for RhB-HMM when the pores contained confined water are shown in Fig. 2(b) . The decay curves for all confined systems including ethanol and butanol (Fig. S6 , Supporting Information) were best fit by a biexponential function (n = 2 in Eq. (1)); the dependence of the obtained lifetimes and pre-exponential coefficients (Table S1 ) on temperature is shown in Fig. 6 . From this figure, two remarkable features can be recognized in the temperature-dependent decay parameters. One is that the long lifetime (τ2) clearly becomes even longer with decreasing temperature, whereas the short lifetime (τ1) is insensitive to the temperature change. Secondly, the ratio of the pre-exponential coefficients (a2/a1) is larger for lower temperatures. The biexponential decay profiles are considered to be due to the inhomogeneity of the immobilized RhB, that is, the components of the long and short lifetimes are ascribed to the isolated RhB species and the aggregated RhB species, respectively. 41 The surface density of the RhB molecule is estimated to be 0.3 molecules nm -2 (Table 1) , suggesting the possibility of Förster-type energy transfer in the immobilized RhB molecules adjacent to each other. 42 In general, the rate of Förster-type energy transfer is independent of the temperature when the microenvironment around donor and acceptor species is invariant. 42 Since the steady-state fluorescence results of RhB-HMM suggest that the temperature variation does not induce a significant change in the dielectric constant and the hydrogen-bonding nature inside the pores, it can be expected that the rate of Förster-type energy transfer for the immobilized RhB species is insensitive to temperature.
Thus, the temperature-insensitive short-lifetime component would represent fluorescence decay of the immobilized RhB molecules adjacent to each other. Non-fluorescent H-type aggregates of RhB 41 might be partially formed inside the cylindrical silica pores. On the other hand, the temperature-sensitive long-lifetime component is close to the fluorescence lifetimes for bulk solution systems. Accordingly, the long-lifetime component can be ascribed to the isolated immobilized RhB species. Therefore, attention is focused on the temperature dependency on the long-lifetime component for discussing the microviscosity around the isolated RhB in the supercooled confined water. In RhB-HMM, RhB isothiocyanate is covalently bound to part of the surface AP groups as schematically shown in Fig. 1 . 43 Having mind of the apparent dissociation constant (5.7) of AP groups immobilized at the inner nanopore surface, 44 the AP groups would be partly protonated in our experimental condition. Charged RhB molecules interact repulsively with the charged AP head groups on the silica mesopore surface, and are exposed to water confined within the mesopores. Accordingly, it can be considered that the long-lifetime component reflects the properties of the confined water.
Microviscosity of supercooled confined water
In the confined water system, the decrease in temperature from 293 to 223 K causes a gradual increase in the long-lifetime component ( Fig. 6(a) ). If freezing of the confined water occurs, the long-lifetime component would be constant, and the fluorescence quantum yield of RhB would be close to 1 below the freezing temperature. 32 Hence, the gradual increase in the long-lifetime component indicates that the confined water is not frozen above at least 223 K, that is, the confined water can be deeply supercooled far below the homogeneous nucleation temperature (273 K). In the temperature range below 223 K, the long-lifetime component is almost constant (ca. 3.8 ns) which is close to the maximum fluorescence lifetime found for bulk ethanol below 223 K. This constant long-lifetime would be due to that the microviscosity of the confined water is efficiently large to slowing down the non-radiative process compared to the radiative process when the temperature is below 223 K. In the present fluorescence study, RhB can be used as a viscosity probe only when the non-radiative process is faster than the radiative process. Hence, the temperature dependency of the long-lifetime component in the temperature range from 293 to 223 K indicates the presence of supercooled confined water above at least 223 K.
In neutron-scattering studies on supercooled confined water in mesoporous silica, fragile-to-strong liquid-liquid transition has been reported to occur. [8] [9] [10] [11] [12] [13] [14] A fragile liquid is defined as a liquid that exhibits non-Arrhenius type behavior for the relaxation time, as revealed by neutron-scattering measurements. [8] [9] [10] [11] [12] [13] [14] A strong liquid shows Arrhenius-type behavior for the relaxation time as a function of temperature. As for supercooled water confined in mesoporous silica, the fragile-to-strong transition (FST) temperatures were estimated to be 225 K 9,12 and 224 K 14 for mesopores with pore diameters of 1.8 and 1.4 nm, respectively. The FST temperature for heavy water confined inside mesoporous silica with a pore diameter of 2.04 nm was reported to be ca. 229 K. 13 These FST temperatures imply that the confined water within RhB-HMM is also a fragile liquid in the temperature range from 293 to 223 K.
The long-lifetime component data found for the confined water system were analyzed by Eq. (4). As shown in Fig. 4 , the lifetime data can be well fitted to Eq. (4). The fitting parameters are summarized in Table 3 . The good agreement of the measured lifetime data with Eq. (4) suggests the presence of supercooled water inside the AP-modified silica mesopores as a fragile liquid.
We attempted a rough evaluation of the microviscosity of the supercooled confined water. An evaluation of the microviscosity can be done by inserting the viscosity parameters (η0, D, T0) into Eq. (3). Among these viscosity parameters, T0 is directly provided from an analysis of the lifetime data by Eq. (4) ( Table 3 ). The analysis of lifetime provides αD as 0.34 (Table 3) . Since the values of α are almost the same (ca. 0.34) for bulk solutions with different solvent natures (Table 2) , α for the confined water system might also be 0.34. By employing an α of 0.34, D for the confined water system is estimated as 1.0. The estimated D value is reasonable by considering D of 1 -2 for supercooled water confined in non-modified mesoporous silica. 9, 12, 13 The value of the viscosity at infinitely high temperature (η0) is assumed to be 0.10, which is found for bulk water (Table 2) . By inserting those viscosity parameters (T0 = 185, D = 1.0, η0 = 0.10) into Eq. (3), the microviscosity of the confined water is evaluated as 12 mPa s for 223 K, 2.3 mPa s for 243 K, 0.80 mPa s for 273 K, and 0.55 mPa s for 293 K. These microviscosity values seem to be smaller than those for bulk water; 11 mPa s for 243 K and 1.0 mPa s for 
Conclusions
In this study, the fluorescence dynamics of RhB covalently bound to the AP layer immobilized onto the pore surface of mesoporous silica (diameter of the silica mesopore, 3.1 nm) were measured in the temperature range from 293 to 193 K to examine the microviscosity of supercooled water confined inside AP-modified silica mesopores. The fluorescence lifetime of the surface RhB increased with decreasing temperature from 293 to 223 K, indicating the presence of supercooled water in this temperature range. From an analysis of the lifetime data on the basis of frequency-dependent friction model with VFT relationship, the microviscosity of the confined water was evaluated as 12 mPa s for 223 K, 2.3 mPa s for 243 K, 0.80 mPa s for 273 K, and 0.55 mPa s for 293 K.
